Context: Skeletal muscle fatigue and exercise performance are novel areas of research and clinical application in the photobiomodulation field, and positive outcomes have been reported in several studies; however, the optimal measures have not been fully established.
S keletal muscle fatigue is characterized by decreased muscle capacity to generate or maintain power production during muscle activity. In submaximal activities, the initial intensity cannot be maintained. 1 The complex, multifaceted process of developing muscle fatigue involves various physiologic and biomechanical components, 2 including the types of muscle fiber and the intensity and duration of the activity. 3 An important factor contributing to muscle fatigue during exercise is the decrease in circulating oxygen available for muscle contraction because physical exercise increases the consumption of oxygen from the circulating blood. An increased arteriovenous oxygen difference results from a more efficient distribution of the cardiac output to the muscles as well as an increased capacity of the muscle cells to consume and use oxygen. 4 To meet this high demand for oxygen from the muscles, the cardiovascular system increases the transport of blood through the tissues.
Given the muscles' need for increased oxygen and energy during exercise, cardiorespiratory changes occur. The main cardiorespiratory changes during exercise are increased pulmonary ventilation and increased supply of oxygen to the muscles. Therefore, muscle fatigue during strenuous exercise is often accompanied by shortness of breath. 5 During mild to moderate exercise at a steady pace, pulmonary ventilation increases linearly with oxygen consumption (VO 2 uptake) and carbon dioxide production. An increase in tidal volume and respiratory rate causes pulmonary ventilation to increase under these conditions. 5 Recently, photobiomodulation therapy (PBMT) using low-level lasers or light-emitting diodes (LEDs) has been described as an electrophysical intervention that provides beneficial effects on muscular activity. [6] [7] [8] Researchers studying the application of PBMT before high-intensity exercises 9 have shown an increase in blood-lactate removal and a reduction in muscle injuries resulting in faster muscle recovery, 10, 11 increased mitochondrial function through the modulation of cytochrome c oxidase, 12 and changes in the ionic gradient. 13 In many studies, [14] [15] [16] PBMT has been used as a noninvasive therapeutic modality to optimize vasodilation, improve collateral circulation, increase tissue oxygen levels, and enhance mitochondrial adenosine triphosphate levels. According to investigators, 14, 17, 18 it acts mainly by increasing the local blood flow and neuromuscular activity. In this way, PBMT can be used to prevent and delay muscle fatigue because muscle fatigue results from inadequate tissue perfusion. 19, 20 In the first clinical study of PBMT and skeletal muscle performance, Leal-Junior et al 21 observed that PBMT can delay the onset of muscle fatigue, possibly through local mechanisms such as minimizing oxidative stress or decreasing the production of reactive oxygen species.
Recently, researchers 22, 23 have shown an increase in performance levels with the use of PBMT during progressive cardiopulmonary exercise tests. However, different PBMT devices result in different effects even with the use of similar exercise protocols to induce fatigue, [22] [23] [24] [25] which makes it difficult for clinicians to determine which device should be used. Therefore, the purpose of our study was to assess the acute effect of PBMT combining superpulsed lasers and LEDs on muscle performance during a progressive cardiopulmonary treadmill exercise test.
METHODS

Participants
We recruited 20 healthy male volunteers between 18 and 35 years of age with any skin color 26 and without training or involvement in a regular exercise program (ie, exercise more than once per week). Volunteers were excluded if they had any skeletal muscle injury, used any nutritional supplement or pharmacologic agent, presented with signs or symptoms of any disease (ie, neurologic, inflammatory, pulmonary, metabolic, oncologic), or had a history of cardiac arrest that might limit performance of high-intensity exercises. All participants provided written informed consent, and the study was approved by the Research Ethics Committee of Nove de Julho University (process 882.738).
Randomization and Blinding Procedures
The order of treatments was randomized. We generated codes to ensure that 50% (n ¼ 10) of our participants received the active treatment at session 1 and 50% (n ¼ 10) received the active treatment at session 2 to counterbalance participants between treatments tested (active and placebo) at the 2 sessions.
Randomization was performed by drawing lots, which we used to determine whether the active combination of superpulsed lasers and LEDs comprising PBMT or the placebo would be given at the first session. At the second session, participants received the treatment that was not given at the first session. Randomization labels were created by using a randomization table at a central office where a series of sealed, opaque, and numbered envelopes ensured confidentiality. A participating researcher (E.C.P.L.-J.) who programmed the PBMT device (Multi Radiance Medical, Solon, OH) based on the randomization results performed the randomization. He was instructed not to inform the participants or other researchers of the PBMT dose (active or placebo). Thus, the researcher who performed the PBMT (A.A.V.) was blinded to the dose given to the volunteers. To further maintain blinding, participants used opaque goggles to prevent them from seeing whether a light was being irradiated.
Study Design and Protocol
We carried out a crossover, double-blind, placebocontrolled randomized clinical trial. The study was conducted in the Laboratory of Phototherapy in Sports and Exercise at the Nove de Julho University, São Paulo, Brazil. Participants received either PBMT combining superpulsed lasers and LEDs or placebo on 2 visits 1 week apart. A progressive cardiopulmonary exercise test was performed on a motor-driven treadmill (Super ATL, Ibrasport, Porto Alegre, Brazil) 5 to 10 minutes after each therapeutic administration. A summary of the protocol is presented in Figure 1 .
Procedures
Photobiomodulation Therapy. Active PBMT combining superpulsed lasers and LEDs or placebo was administered immediately before the progressive cardiopulmonary exercise test on a treadmill. We used a 12-diode cluster of superpulsed lasers and LEDs. Each cluster consisted of 4 diodes of 905-nm superpulsed laser with an average power of 0.3125 mW and a peak power of 12.5 W for each diode, 4 diodes of 875-nm infrared LEDs with an average power of 17.5 mW for each diode, and 4 diodes of 640-nm red LEDs with an average power of 15 mW for each diode. Given the large area of irradiation, the use of clusters was fundamental to application of the therapy. We applied the PBMT with the cluster in direct contact with the skin at 9 sites on the kneeextensor muscles (Figure 2A ), 6 sites on the knee flexors, and 2 sites on the calf ( Figure 2B ). 23 The same procedures were performed to administer the placebo but without effective irradiation.
We chose the PBMT measures based on previous studies 24, 27 that our research group has performed using the same device. A full description of the PBMT measures is provided in Table 1 . The sounds emitted by the device were identical regardless of whether irradiation was present. A single researcher (A.A.V.) without knowledge of the randomization performed PBMT.
Progressive Cardiopulmonary Exercise Test on a Treadmill. Participants performed a standardized progressive cardiopulmonary exercise test on a treadmill with a fixed inclination of 1% until exhaustion. They began the test with a 3-minute warm-up at a velocity of 3 km/h. Next, at 1-minute intervals, we increased the velocity by 1 km/h until 16 km/h was reached. Participants were instructed to use hand signals to request termination of the test at any time. A 3-minute recovery phase at a velocity of 6 km/h followed the test. 23 During testing, we monitored the rates of oxygen uptake (VO 2 ), carbon dioxide production measured with a VO 2000 gas analyzer (Inbrasport-Indústria Brasileira De Equipamentos Médico- Desportivos Ltd, Porto Alegre / Rio Grande do Sul, Brazil), total time until exhaustion, and heart rate measured with a digital electrocardiograph (Medical Graphs Ergomet, São Paulo, Brazil).
These data were used to evaluate the performance of participants during a progressive cardiopulmonary exercise test because they are currently the most widely used in the literature for this purpose. 28 The entire test was monitored by electrocardiogram and blood pressure measurement. If any abnormal changes were observed in heart rate or blood pressure or if the test was terminated prematurely on request, the test was stopped, and the volunteer's data were deleted.
We used the modified Borg scale 29 to assess the participants' perceived effort (dyspnea and fatigue in the lower limbs) before and after the progressive cardiopulmonary exercise test.
Statistical Analysis
The intention-to-treat analysis was performed. The Kolmogorov-Smirnov test was used to verify the normal distribution of data. Parametric data were expressed as means and standard deviations. Nonparametric data were expressed as medians and interquartile intervals. We used paired, 2-sided t tests to compare the variables of muscle function between the PBMT and placebo treatments. The Mann-Whitney test was used to compare the differences in the Borg scale. An additional responder analysis was performed for distance and time until exhaustion using the Fisher exact test. The a level was set at .05.
RESULTS
After data collection, we analyzed the results of 20 volunteers, and there were no dropouts. The characteristics of the volunteers are summarized in Table 2 .
The distance covered during the progressive cardiopulmonary exercise test on the treadmill was greater after the application of PBMT (1.96 6 0.30 km) than after placebo (1.84 6 0.40 km; t 19 ¼ 2.119, P , .001; Figure 3 ). Time until exhaustion was also longer after PBMT (780.2 6 91.0 seconds) than after placebo (742.1 6 94.0 seconds; t 19 ¼ 3.028, P , .001; Figure 4) .
We observed that ventilation during the progressive cardiopulmonary exercise test on a treadmill was increased after PBMT (76.4 6 21.9 L/min) compared with placebo (74.3 6 19.8 L/min, t 19 ¼ 0.180, P ¼ .004). In addition, the dyspnea score was lower after PBMT (3.0 [interquartile range Abbreviation: LED, light-emitting diode. Table 3 ). Finally, the responder analysis showed that 80% of volunteers (n ¼ 16) increased the distance covered during the test with pre-exercise PBMT (P , .001), and 85% of volunteers (n ¼ 17) increased their time until exhaustion with pre-exercise PBMT (P , .001; Tables 4 and 5 ).
DISCUSSION
To our knowledge, we are the first to analyze the acute effects of PBMT, using the combination of superpulsed lasers and LEDs, on muscle performance during a progressive cardiopulmonary exercise test on a treadmill. Briefly, we observed that the combination of superpulsed lasers and LEDs increased the distance covered, time to exhaustion, and ventilation and decreased the dyspnea score in sedentary volunteers during a progressive cardiopulmonary exercise test.
De Marchi et al 23 were the first to investigate the effects of PBMT on muscle performance during a progressive cardiopulmonary exercise test on a treadmill. They reported increases in exercise time (14 seconds) and oxygen uptake (1.1 mL/kg/min) with PBMT compared with placebo. In our study, we noted a greater increase in exercise time (38 seconds, which was almost 3 times higher) after application of PBMT than after placebo. We believe this difference is due to the different light sources and measures used. Whereas De Marchi et al 23 used 5 diodes of 810-nm infrared laser, we used different light sources simultaneously (4 3 905-nm superpulsed laser, 4 3 875-nm infrared LEDs, and 4 3 640-nm red LEDs) to irradiate our volunteers. Researchers have shown that a combination of different light sources enhances muscular performance, 24, 27 decreases pain, 30 increases cytochrome c oxidase activity, 12 decreases fatigue development, and protects muscles against gradually worsening damage. 31 Whereas De Marchi et al 23 reported a difference for oxygen uptake between groups, the clinical importance of these differences remains uncertain. 32 Da Silva Alves et al 22 assessed the acute effects of PBMT on physiologic responses and electromyography during cardiopulmonary exercise testing in healthy adults. The volunteers received PBMT or placebo to the quadriceps femoris and gastrocnemius muscles 10 minutes before a cycle-ergometer cardiopulmonary exercise test. Participants received PBMT using a multidiode cluster with a wavelength of 850 nm, average power of 100 mW per diode, and dose of 14 J per site for 20 seconds at each site. The PBMT (33 6 10 mL/kg/min) increased oxygen uptake compared with the placebo (31 6 9 mL/kg/min). However, they found no differences in the electromyography variables, test duration, loading, or Borg scale score. These data do not corroborate our findings, possibly due to differences in the cardiopulmonary exercise testing protocol (cycle ergometer versus treadmill) and the light sources and irradiation measures that were used. We believe our results are better and clinically sound because distance covered during the test, time until exhaustion, and ventilation were improved in our study, whereas da Silva Alves et al 22 reported only a slight difference in oxygen consumption without changes in testing time and workload endpoints.
The difference observed between the outcomes of these 2 studies 22, 23 and our study can be attributed not only to different exercise protocols but also to the use of single wavelengths 22, 23 rather than the multiple wavelengths we used in our study.
Santos et al 31 investigated the use of different wavelengths (660, 830, and 905 nm) immediately before tetanic contractions in the development of skeletal muscle fatigue and contraction-induced muscular damage in rats. They observed that PBMT could delay the development of muscle fatigue and protect muscle against damage. The optimal doses, in part, depended on specific wavelengths and, therefore, must be differentiated to obtain the optimal effects for preserving tissue and reducing muscular fatigue. However, to obtain both tissue preservation and performance enhancement, different wavelengths must be used simultaneously.
Albuquerque-Pontes et al 12 irradiated the tibialis anterior muscle of rats using different wavelengths (660, 830, or 905 nm) and reported an increase in cytochrome c oxidase activity in different time windows (5 minutes to 24 hours after irradiation). This finding contributes to the understanding of mechanisms through which PBMT enhances muscular performance and protects muscles against fatigue and tissue damage.
Our responder analysis showed improvements after active PBMT in the distance covered during the test by 80% (n ¼ 16) of volunteers and the time until exhaustion for 85% of volunteers (n ¼ 17). This means that PBMT can enhance performance in 80% to 85% of athletes, physical practitioners, or sedentary people who use the combination of superpulsed lasers and LEDs for ergogenic effects. The beneficial effects of PBMT with the combination of lasers and LEDs have been described recently in the literature. 33 The simultaneous use of different wavelengths may increase the effects of phototherapy on skeletal muscle performance and may represent a therapeutic advantage in the clinical situations observed in this study and previous studies. 12, 24, 27, 30, 31 Finally, our results were due to desirable photobiomodulatory effects of light and not to thermal effects. 26 They were also in line with current evidence that PBMT before exercise has ergogenic effects. 9, 33 We believe our outcomes are interesting because several training programs are used not only to improve athlete performance but also for recovery from different kinds of injuries. Our results showed that PBMT can acutely enhance treadmill exercise performance, which possibly can enhance long-term performance and consequently help athletes remain in games. However, further studies are needed to confirm this hypothesis and to establish optimal treatment protocols.
CONCLUSIONS
We demonstrated that PBMT with the combination of superpulsed lasers and LEDs applied before a progressive cardiopulmonary exercise test on a treadmill increased distance covered, time to exhaustion, and pulmonary ventilation and decreased dyspnea sensation in healthy volunteers.
